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This paper is an investigation into the effect of the bat support conditions on the 
collision between a baseball and a baseball bat.  Bat performance is tested using both 
machines and human subjects.  For the machine tests, a baseball is fired from an air-
cannon at a stationary bat, where the bat is either allowed to rotate only or is completely 
unrestricted after impact.  The initial and rebound ball speeds are measured for a range of 
impact locations.  For the human tests, a person swings the bat and hits the ball off of a 
tee. The bat speed prior to impact and the ball speed after impact are measured.  The 
results for each method of testing are compared, and the final ball speed is found to be 
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ITF Impact Testing Facility 
DAQ data acquisition card/system
COP center of percussion 
S/H Swing/Hit Facility 
vball initial ball speed 
vr velocity ratio 
vf final ball speed, as in the field of play 
vbat initial bat speed 
vrelative relative ball-bat impact speed 
Xcg position of bat center of gravity with respect to the knob 
Icg moment of inertia of the bat about the center of gravity 
ω rotation speed 
P period 
θ angle of the bat 
w bat-weight 
Iknob moment of inertia of the bat about the knob 
ΣMknob sum of the moments of external forces about the knob 
&θ& angular acceleration of the bat 
A amplitude of simple pendulum
ωn natural frequency 
t time 
g acceleration due to gravity 
IPiv moment of inertia of the bat about a chosen pivot point 
rG distance between the center of gravity of the bat and the pivot 




















samples number of samples taken during a test 
rate sampling rate of the data acquisition system
U uncertainty 
B systematic uncertainty 










Baseball bat performance is an important subject to players of all ages, some
physicists, and baseball league governing bodies, as well.  Hitters want to know which 
bat will perform the best, physicists want to quantify the performance, and the governing 
organizations want to find the best way to regulate it.  The logical measure of baseball bat 
performance in the field is the hit (or final) ball speed for a given bat-ball impact speed. 
Many studies, theoretical and experimental, attempt to predict the hit ball speed for a 
given bat in live game situations, but both the method of testing and the interpretation of 
results are still highly debated. The present study is intended to provide insight into these 
issues. 
One method of testing baseball bat performance is to use live hitters.  Hit ball 
speed is difficult to measure when using live hitters, and therefore few studies have 
accomplished this task.  Crisco and Greenwald1 completed the most recent study using 
live hitters in a batting cage experiment where they measured initial bat and ball speeds 
and final ball speeds. High-speed infrared cameras were used to track the bat and ball, 
before and after impact.  The main purpose of their study was to determine the 
performance of wood and aluminum bats, but they also recognized that hit ball speed 








Other baseball bat testing methods use machines to execute the necessary 
collisions. Bat-ball impacts are achieved by “shooting” the ball at a stationary bat, 
swinging the bat at a stationary ball, or a combination of both.  These methods have 
repeatable results and are preferred by the baseball and softball governing organizations. 
Some of the procedures used by the organizations are the ASTM2, the ASA3, and the 
NCAA4 methods.  Each of the certified procedures, as well as others, use some sort of 
mechanical support to provide a fixed pivot point at the handle end of the bat.  In order to 
predict field performance, these methods assume that the hitter’s hands exert no 
impulsive force during the collision.  Physicists have investigated the validity of this 
assumption, and two of the most recent notable reports are that of Cross5 and Nathan6. 
Cross5 studied the dynamics of a ball colliding with an aluminum beam of varied 
length and stiffness. He found that the rebound of the ball is independent of the end 
supports for any impact point well removed from the ends of the beam. The results of the 
analysis support the assumption that the impulsive force by the hitter’s hands can be 
neglected. 
The other paper to address this issue is that of Nathan6. By studying the dynamics 
of the bat-ball collision, Nathan6 found that at higher velocities consistent with the game
of baseball, the handle end of the bat barely begins to react by the time the ball and bat 
separate. He concluded that the final speed of the ball is independent of the method of 
support of the bat at impact locations far removed from the support.   
The present study involves testing of typical wood and aluminum bats, and the 
tests are performed using both a machine and live-hitters.  The machine experiment uses 




measured.  This experiment consists of two parts.  While the bat remains stationary for 
both, the bat-support method is changed in order to explore the effect of the end 
conditions. In the first series of testing, the bat is allowed only to pivot at the handle after 
impact, and in the second series the bat is essentially free after impact.  For the 
experiment using live-hitters, the ball is stationary on a batting tee, and the measured 
quantities are the bat speed at impact and the final ball speed.  The procedures are 













2.1 Impact Testing Facility (ITF)
The ITF (Figures 2.1 and 2.2) is used to test the performance of baseball bats in a 
laboratory setting using machines rather than live hitters.  A high-pressure air cannon 
(Figure 2.3) is used to shoot a baseball at a stationary bat.  The ball speed is controlled by 
manually adjusting the cannon air-pressure (Figure 2.4), and the bat is supported using 
either the fixed-pivot method or the free-bat method (Figures 2.5 and 2.6) as outlined in 
the following sections. The bat is held horizontally and is positioned by adjusting the 
support structure (Figure 2.7) so that the resulting impacts take place at a specified barrel 
location. All of the ITF collisions are carried out within a chain-link cage (Figure 2.8) for 
the purpose of safety. 
The variables measured in the ITF are the initial speed of the ball as it approaches 
the bat and the rebound speed of the ball after impact.  The computer/DAQ system is 











Figure 2.1. Dimensions of the Impact Testing Facility (Top-View) 


























The ITF equipment consists of the following:  
• High-pressure air cannon 
• Bat support fixture 
• Bat support structure 
• Chain-link cage 
• Lasers (Appendix C) 
• Photo detectors (Appendix D) 
• Data acquisition or “DAQ” card 
• Computer and computer program
• Connecting wire 











Figure 2.4. Cannon Pressure Gage and Controls 

















Figure 2.6. Bat Support, Free-Bat 




















The initial and rebound ball speeds are measured and recorded as follows: 
1. The cannon is set to the specified air-pressure. 
2. The computer program is initiated which begins taking data and triggers 
the cannon to fire the ball. 
3. The ball passes through two parallel horizontally positioned laser beams 
perpendicular to the ball path. 
4. The two laser beams shine on two corresponding photo detectors.  The 
detectors are monitored by the computer/data acquisition system.       
5. The computer program
a. Collects samples at a rate of 20,000 samples/second for at least 
two seconds. 
b. Processes the information to find the points where the ball 
crosses each laser beam and converts the number of samples to a 
time.   
c. Calculates the initial speed using that time and the known 
distance between the laser beams. 
6. The ball impacts the bat and rebounds in the direction opposite to its initial 
direction. 
7. The ball passes through the laser beams again, and the computer/DAQ 
system again collects the data and calculates the rebound speed. 
8. The initial speed and rebound speed are recorded to a spreadsheet. 
A general uncertainty analysis of the ITF is included in the Appendix. 
2.1.1 Fixed-Pivot Method 
The first bat-support method is the fixed pivot method.  The bat is held at the 
handle by a fixture that allows the bat to only rotate after impact (see Figure 2.5).  The 
“fixed-pivot” fixture is mounted on a modified milling machine that can be adjusted both 
vertically and horizontally (see Figure 2.7).  The initial and rebound ball speeds are 





2.1.2 Free-Bat Method 
The free-bat method allows the bat to move freely after impact.  The bat is rested 
on two support brackets located 15 inches apart (see Figure 2.6).  Like the fixed-pivot 
method, the free-bat support is mounted on the milling machine.  The initial and rebound 
ball speeds are measured as described in Section 2.1. 
2.1.3 Choosing the Impact Reference Point 
For each bat tested in this study, an initial impact point is chosen prior to 
collecting the first set of impact data.  This point serves as a reference from which the 
subsequent points are measured.  In choosing the initial point, first a pivot location is 
selected on the handle of bat. Then, the corresponding center of percussion COP is 
calculated for that pivot location. For this study, the COP is simply a point of reference 
to measure the other impact points from, and is consistent with the ASTM2 standard for 
impact testing of softball bats.  Analyses of the COP and bat inertial equations are located 













2.2 Swing/Hit Facility (S/H)
The S/H (Figures 2.9 and 2.10) is used to measure the performance of baseball 
bats using live hitters in a laboratory setting.  During these experiments the ball rests on a 
batting tee at a specified height, and a person swings the bat to hit the ball.  The variables 
measured are the bat speed immediately prior to impact and the ball speed immediately 
following impact.  The procedures for measuring the speeds are similar to that of the ITF, 
and the lasers, photo detectors and computer/DAQ system are identical to those used for 
the ITF. 



























The S/H equipment includes 
• Lasers 
• Photo detectors 
• Data acquisition or “DAQ” card 
• Computer and computer program
• Batting tee (Figure 2.11) 
• Ball target (Figure 2.12) 




















The initial bat speed and final ball speed are measured and recorded as follows: 
1. The computer program is initiated and begins collecting data for a 
specified length of time (usually 3-5 seconds) to allow the swing and hit to 
take place. 
2. The hitter begins to swing. 
3. Prior to impact, the bat crosses two parallel vertically positioned laser 
beams. 
4. The two laser beams shine on two corresponding photo detectors.  The 
detectors are monitored by the computer/data acquisition system.       
5. The computer program
a. Collects samples at a rate of 20,000 samples/second for the 
specified length of time.   
b. Processes the information to find the points where the bat crosses 
each laser beam and converts the number of samples to a time.   
c. Calculates the bat-impact speed using that time and the known 
distance between the laser beams 
6. The bat impacts the ball. 
7. The ball crosses two parallel vertically positioned laser beams 
immediately after impact. 
8. The two laser beams shine on two corresponding photo detectors.  The 
detectors are monitored by the computer/data acquisition system.       
9. The hit-ball speed is calculated identically to the bat-impact speed. 
10. The speeds are recorded to a file. 
Only certain “good” swing/hits are recorded.  A swing/hit is counted as “good” if 
the hit ball strikes an 18-inch square target placed 56 inches from the initial ball position. 
By hitting the target, the ball is known to travel directly through the laser beams and the 
angle of the hit ball relative to the projected horizontal line from the ball initial position 
to the center of the target is known to be within 15° so that the uncertainty of the 
calculated speed is within 4%. The general uncertainty analysis for the Swing/Hit 
Facility is located in Appendix B. 
Some Swing/Hit tests are modified in order to get a rough estimate of the general 
impact region for the batters used in this study.  For a few hits the ball is marked with a 










































powder sticks to the tape after the collision. The impact points are then measured.  Some
pictures are also taken during a live swing and hit to see if the impact location can be 












The last chapter outlined the methods used to test a typical wooden bat and a 
typical aluminum bat.  For the tests using ITF, baseballs were fired with initial speeds 
vball from 60mph to 100mph.  This range of speeds is lower than typical collision speeds 
for the game of baseball and was chosen independently of that fact.  Rather, it was chosen 
to correspond to the range of bat impact speeds for a player hitting a ball off of a tee. 
This allows for comparison between the ITF data and the Swing/Hit Facility data. In 
order to compare the results of both experiments, a Galilean transformation is made for 










For the initial conditions (on the left below), the bat speed for the S/H and the ball 
speed for the ITF are simply chosen as v. For the final conditions (on the right below), 
the final ball speed for the S/H is vf, and the rebound ball speed for the ITF is vrebound. 
The final bat speeds are not a concern to this study. 
To make the transformation simply add a “left-bound v” to the initial and final 
conditions for the ITF; refer to the sketch below. Now, the initial conditions are equal in 
terms of the reference frame and the velocity magnitude for both the S/H and ITF. 
Therefore, the final conditions must be equal within this reference frame.   
















An alternative view, which draws the same conclusion, uses a performance 
standard. Hester and Koenig7 first introduced the concept of the “velocity ratio” vr, and 
Nathan8 recently emphasized the importance of the idea calling it “collision efficiency.” 
Nathan defines it as the ratio of final to initial ball speed in the reference frame where the 
bat is initially at rest. Hester and Koenig7 derive the equation for the actual final ball 
speed vf using the experimental vr given an initial ball speed vball and initial bat speed vbat. 
This equation is 
vf = v bat + vr ⋅ (v ball + v bat )  (3-1) 
or solving for vr
v − vf batvr =  (3-2)
v + vball bat 
Taking Equation (3-1) and letting the ball become the stationary object through a 
Galilean transformation, vbat becomes the relative velocity between the bat and ball, and 
the resulting equation is simply 
v = (1 + vr) ⋅ v  (3-3)f relative 
The final ball velocity can be calculated using Equation (3-3) or the simpler 
equation described in the preceding analysis.  Figure 3.1 is a plot of this vf versus the 
initial ball velocity for a set of tests in the ITF.  These results are typical of the large body 




































   
 
  
      
      













Measurements of the bat properties are given in Table 3.2.1 and measurements for 
the support and impact locations of the ITF tests are given in Table 3.2.2. 












Wood1 34 2.255 22.0 1.63 0.042
Wood2 34 2.10 23.25 1.64 0.030
Aluminum 34 1.885 21.5 1.64 0.041





Location Impact Positions COP Location 
Wood1 Fixed Pivot1 5.5 in 25.2, 26.2 - 30.2 in 27.2 in 
Fixed Pivot2 7.5 in 27.2, 28.2, 30.2 in 27.9 in 
Free - 25.2, 26.2 - 29.2 in -
Wood2 Fixed Pivot1 4.75 in 26.9, 27.9, 28.9 in 26.9 in 
Aluminum Fixed Pivot1 4.75 in 24.5, 25.5 - 30.5 in 27.5 in 
Fixed Pivot2 6.75 in 25.5, 26.5 - 30.5 in 28.3 in 
Free - 25.5, 26.5 - 29.5 in -
The Figures 3.2 through 3.5b show representative measurements from the ITF 
using the two different bat-support methods.  The impact data is presented as described in 
Section 3.1, and the methods of support include the two fixed-pivot locations at the 
handle end, and the free-bat support. Notice that the trendlines plotted in Figure 3.5b 
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Linear ( 30.5 in) 
Linear ( 29.5 in) 
Linear ( 28.5 in) 
Linear (27.5 in) 
Linear ( 26.5 in) 
Linear ( 25.5 in) 
Linear ( 24.5 in) 














Swing/Hit data were collected from two former college players, and the results 

















































































The results from the modified S/H tests suggested that the general impact region 
for one of the hitters is 28 – 31 inches.  Some pictures of the bat-ball impacts were also 
























































The representative measurements of Chapter III provide experimental information 
to promote discussion of many topics, but certain observations are of importance to the 
present paper. 
4.1 Data Linearity
The first significant result is that the impact data fall on a straight line for the 
range of speeds tested.  This implies that the energy loss in the collision is virtually 
constant in this range, and explains why relatively few data points are needed to find a 
trend-line for collisions (in the range of speeds used in this study) at a specified impact 
location. The equations used here come from ITF data of the aluminum bat and the 
Pivot1 support. The slopes and intercepts for the derived equations for each impact 
location are given below. 
Table 4.1. Slopes and Intercepts for Experimentally Derived Equations for vf 
Impact Location Slope Intercept 
24.5 in 1.2 5.5 
25.5 in 1.2 6.6 
26.5 in 1.2 4.1 
27.5 in 1.2 1.6 
28.5 in 1.2 4.9 
29.5 in 1.2 2.0 

















Using the equations of vf from these experimentally derived trend-lines, 
comparisons of the different impact locations are made in Figures 4.1 and 4.2.  These 
plots show the final ball speed for each impact location, where the relative bat-ball speed 
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vball = 70mph 
vball = 80mph 
vball = 90mph 
















From Figure 4.1 for the aluminum bat the 26-inch to 27-inch impact location 
appears to be the location of maximum momentum transfer, and one might conclude that 
this location should be the desired impact point for the hitter.  However, in making this 
comparison over the range of impact locations the relative bat-ball speed for each 
position is the same.  This means that for a stationary ball and a bat traveling at the 
desired speed of 70 mph (as with the solid curve), the bat is in pure translation.  This is 
not a good assumption.  Adair9 demonstrates that a typical swing consists of both a 
translation and a rotation, and Nathan8 makes the case that at the point of impact a swing 
can be accurately modeled by a pure rotation.  Also, in two recent experiments1,10, using 
high-speed video, the bat is observed just before impact to directly rotate about a point 
near 1 inch from the knob toward the barrel end of the bat.  Using the assumption of a 
pure rotation and using the rotation point as 1 inch from the knob, another comparison of 
impact locations can be formed from the experimental equations.  Rather than vf 
depending on a fixed bat translation speed it is now chosen to depend on a rotational 
speed ω. Figure 4.3 shows the bat impact speed for each point over a range of ω, and 
Figure 4.4 shows the curves for vf over the same range of ω. (The symbols in Figures 4.3 

























































































Now, by realizing that the swing is essentially a rotation at collision, the 
maximum hit-speed location appears to be at 29.5 inches from the knob for this range of 
ω. Of course, this analysis is assuming a stationary ball on a tee, and a bat with an initial 
rotation speed about a specific point. Depending on the hitter, the point of rotation may 
be different as well as the speed, which may change the optimum point of contact 
according to this analysis. 
Figure 4.5 shows the effect of the impact location on vf given a constant rotation 
rate, where the axis of the swing-rotation is 1 inch above the knob of the bat.  (Symbols 
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The second and most important observation relevant to this study is that for a 
particular impact point, the ITF data for all three support conditions fall on the same line. 
These results provide striking support for the notion that the method of support at the 
handle end has little effect on the ball-bat collision at the barrel end.  The ITF tests 
provide experimental data for extreme cases of end conditions, and the actual case of the 
hitter’s hands is expected to fall somewhere between the restricted rotation and the free 
bat. 
The major problem in comparing the Swing/Hit data to the impact test data is 
finding the bat-ball impact location for the case of a batter hitting a ball from a tee. The 
prior section illustrates the importance of the impact location on the resulting energy 
transfer. 
Some Swing/Hit tests were modified to find a general impact region as described 
in Section 2.2, and the results agreed with what the batters believed to be their true 
impact region.  This region was decided at 28 – 31 inches from the knob.  Figures 4.6, 4.7 
and 4.8 show Swing/Hit data plotted with ITF data for locations at 29.5 inches, 29.2 
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Figure 4.7. Wood1 Bat, Two ITF Supports and Swing/Hit Data 
46 































4.3 Collision Time and Wave Propagation
An upper bound for the bat-ball collision time was observed while conducting the 
Swing/Hit tests. The data collected from the photo sensors for each swing and hit was 
plotted to see that the bat and ball crossed the desired laser beams.  By observing the 
output of the first sensor crossed by the ball, the shadow of the ball was followed by that 
of the bat for each swing and hit. Therefore, the collision took place and the ball 
separated from the bat within that 5-inch region between the laser beam and the opposite 
edge of the ball. For the typical range of swing speeds measured in this study, the 
collision time is found to be no greater than 4 ms.   
This upper bound is significant because it helps support the scientific reasoning 
behind the results discussed in Section 4.2. Nathan6 states that the handle does not start 
to react to the vibrations until 0.5 – 0.6 ms after the initial collision. Therefore, the 
handle conditions do not affect the bat impact location until the waves reflect, or about 
1.0 – 1.2 ms, by which time the bat and ball have begun to separate.   
Since the upper bound of the collision time observed in this study is greater than 
Nathan’s calculated time of wave propagation, the results do not prove or disprove his 
analysis, but future Swing/Hit tests may be more closely monitored to find a more 









The present study is intended to provide insight into both the testing methods of 
baseball bats and the interpretation of the results.  Re-emphasizing the points in Chapter 
IV, first, the ITF data fall on one straight line for a given impact location, regardless of 
the support conditions at the handle. Furthermore, the S/H data seems to reach an upper 
bound at the ITF line of data for the supposed impact region also suggesting that the 
hitter’s hands do not affect the collision.  The explanation is stated in the analyses of
Cross5 and Nathan6, where the collision time is found to be too short for the vibrations to 
propagate down to the handle and back to the impact point.  Therefore, the ball does not 
feel any effect from the handle end of the bat. 
The next logical step to provide support to the idea that bat performance is found 
to be the same, whether tested by machine or by human, is to modify the S/H so that the 
impact locations can be determined for each hit. Also, a modification could be 
implemented to substantiate the claim that a swing can be accurately modeled by a pure 
rotation just before impact.  By measuring the bat-speed at multiple points on the bat, 
using the same laser/sensor method, a rotation speed can be found as well as a pivot 
point, if indeed the swing is nearly a pure rotation. 
Overall, the findings of this study can be used to support further investigation as 































Before calculating the moment of inertia and center of percussion for a bat, a 
simple experiment must be performed to find the average period P. The method is 
similar to that described by the ASTM2. The bat is held at the knob by two pointed rods 
so that the bat is free to rotate in a plane perpendicular to the axis of the rods (picture) 
and the pivot is assumed frictionless.  The bat is rotated about the pivot to an angle θ less 
than 15° from the vertical and released to swing freely.  Time is recorded for the bat to 
complete 10 full cycles and the average period is calculated.   
A.2 Moment of Inertia
Knowing the weight w and the distance from the pivot to the center of mass Xcg, 
and finding the period as detailed above, the moment of inertia about the knob Iknob is 
calculated using the equation derived below. 
The motion is a rotation about a fixed axis, so Newton’s second law can be 
written as conservation of angular momentum in the form
&&ΣM = I θ  (A1-1)knob knob 
where ΣMknob is the sum of moments of external forces about the knob point and &θ&  is the 
angular acceleration. Since the only external force acting on the bat is gravity, A1-1 
becomes 
-Xcg(w sin θ) = Iknob &θ&  (A1-2) 
If θ is small, so that sin θ ≅ θ, let 
θ = A sin(ωn t)     (A1-3)  
    
       
         





&θ& = -A ωn2 sin(ωn t) (A1-4) 
where A is the amplitude, ωn is the natural frequency and t is the time. 
Substituting (A1-3) and (A1-4) and canceling like terms in Equation (A1-2) gives 
-Xcg w = Iknobωn2 (A1-5) 
2πSince ωn = rad/s the moment of inertia about the knob is solved for as P 
P2XcgwIknob =  (A1-4)4π2 
Now, the moment of inertia about the center of gravity using the parallel axis theorem is 
Icg = Iknob − Xcg 








A.3 Center of Percussion
The center of percussion COP as a function of the pivot point is the location on a 
rotating object where forces and impacts will not cause reactions at the pivot.  The COP
is calculated for a baseball bat using the equation 
IPiv gCOP =     (A1-6)  
w rG 
where IPiv is the moment of inertia about the pivot found using Icg and the parallel axis 
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The following sections contain general uncertainty analyses for the Impact 
Testing Facility ball-speed measurements, and the Swing/Hit Facility swing-speed and 
hit-speed measurements. The analysis of each section is virtually the same since the 
speed measurements are determined using the same method, and therefore some details 
are excluded from last two sections. 
B.1 ITF Ball-Speed Measurement
A general uncertainty analysis is performed on the ball-speed measurements of 
the ITF. The same systematic and random uncertainties apply for both the initial ball-
speed measurement and the rebound ball-speed measurement, so the following analysis 
applies to both. 
The ball-speed measurement for the ITF comes from a calculation using a known 
distance between the laser beams (dist), and a measured number of samples (samples) 
taken at a specific sampling rate (rate) set for the data acquisition system. The governing 
equation for the general uncertainty analysis is 
dist ⋅ ratespeed (B1)= 
samples 
The corresponding equation for the general uncertainty in the ball-speed measurement is 

































   
    
     
    
         
      
   
         





The uncertainty in the distance is due to a systematic uncertainty B in the actual 
measured distance between the laser beams and a random uncertainty P due to the angle 
of the ball relative to the beams. 
Systematic Uncertainty: Uncertainty in distance measured between laser beams 
  Nominal distance dist = 2in 
Uncertainty in the measured distance Bdist = 0.03in 
Bdist  Percent uncertainty = 1.5%
dist 
Random Uncertainty: Uncertainty due to the ball's angle relative to the extended 
centerline of the cannon 
  Maximum angle α = 10o 




Pdist = 0.03in 
Percent uncertainty Pdist 
dist 
= 1.5% 
The overall uncertainty in the distance is Udist = 
2Bdist + 
2Pdist 






   
     











The time measurement is a calculation using the number of samples taken and the 
sampling rate. 
  Sampling rate rate = 20,000Hz 
Uncertainty in the sampling rate Urate = 6Hz 
Percent uncertainty in rate Urate 
rate 
= 0.03% 




The Overall Uncertainty in the ball-speed calculation using Equation (B-2) is 
Uspeed = 2.4% 
speed 
B.2 S/H Swing-Speed Measurement
A general uncertainty analysis is performed on the bat impact-speed measurement 
of the S/H. The speed is calculated using the same governing equation as used in ITF 
analysis, and the uncertainty analysis is the same except that the maximum angle used to 
find the random uncertainty in the distance is the angle of the bat relative to the laser 
beams.  Using the same value for the angle (α = 10°) gives the same overall uncertainty 
for the swing-speed measurement. 








B.3 S/H Hit-Speed Measurement
A general uncertainty analysis is performed on the ball hit-speed measurement of 
the S/H. The speed is calculated using the same governing equation as used in ITF 
analysis, and the uncertainty analysis is the same except that the maximum angle used to 
find the random uncertainty in the distance is the angle of the ball relative to the projected 
horizontal line from the ball initial position to the center of the target.  Using α = 15° for 






























The lasers are 4.2 mW single-element glass units with 670 nm wavelength, 
5.0 x 1.2 mm beam size at output, and 1.2 x 0.3 milliradian divergence. 
C.2 Photo Detectors
The semiconductor-based photodetectors have 3.7 mm receiving lens diameters 
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